ABSTRACT. The monophyly and phylogenetic relationships of Plumbaginaceae (sensu Cronquist) were evaluated using parsimony analysis of nucleotide sequences of the plastid gene rbcL. Analysis of 42 taxa,
evidence supporting this infrafamilial arrangement was reported by Harborne (1967) . Plumbagineae have plumbagin and protoanthocyanins whereas Staticeae lack these (as do Polygonaceae and many others families). On the basis of these morphological and chemical features both tribes have been also treated as subfamilies (Kusnezow et al. 1902; Takhtajan 1969; Cronquist 1981; Kubitzki 1993) or even families (Seringe 1851; Linczevsky 1968; R. Dahlgren 1980; G. Dahlgren 1989) . Several other differences exist (Table 1) ; among the most important are staminal fusion and pollen morphology.
Most systems of angiosperm classification (Brummitt 1992) accept Plumbaginales and Polygonales as monotypic orders closely related to Caryophyllales (Centrospermae), from which they differ in lacking betalains (also absent in Molluginaceae and Caryophyllaceae of Caryophyllales) and P-type sieve tube plastids. However, other authors (Bentham and Hooker 1876; Hutchinson 1959; Young in Bedell and Reveal 1982) have related Plumbaginaceae to Primulales or placed it in that order (Thorne 1992) . Moreover, Young (in Bedell and Reveal 1982) suggested that Polygonaceae and Plumbaginaceae should together form a single order, Plumbaginales, close to Primulales. This suggested relationship to Primulales was based on the absence of stipules and the presence of united, imbricate petals, epipetalous stamens equal in number to and opposite the corolla lobes, and a superior unilocular ovary with a free basal placenta (Hutchinson 1959) . However, palynological characters indicate that Primulaceae are distant from Caryophyllales and not related to Plumbaginaceae and Polygonaceae (Nowicke and Skvarla 1977) . Analysis of rbcL sequence data (Chase et al. 1993; Williams et al. 1994) showed Plumbaginaceae to be close to Polygonaceae, and both near Nepenthaceae and Droseraceae (Nepenthales) in addition to families of Caryophyllales. A relationship with Primulaceae and Primulales has been refuted (Giannasi et al. 1992) , and Primulales have a strongly supported relationship to the asterid III clade of Chase et al. (1993) , which also included Diapensiales, Ebenales, Ericales, and some families of Theales (Kron and Chase 1993; Morton et al. 1997) . We consider this evidence to be strong and do not consider this hypothesis further. Similarities between Primulaceae and Plumbaginaceae should be interpreted as parallelisms between distantly related families.
This study examines molecular support for the relationships of families in the caryophyllid clade (Chase et al. 1993) and also the familial and infrafamilial relationships in Plumbaginales and Polygonales (sensu Cronquist 1981) .
MATERIALS AND METHODS
Plant Materials. Eighteen species, representative of the morphological diversity of the two subfamilies of Plumbaginaceae, and five species of Polygonaceae were chosen for this study, as well as nineteen species of other related families and orders (Williams et al. 1994 , Fay et al. 1997 . Provenance and voucher information are listed in Table 2 . Sequences of Rheum x cultorum and Plumbago capensis (Giannasi et al. 1992) were obtained from GenBank (M77702 and M77701 respectively), but these sequences appeared to be reversed; in all searches Rheuim came with Plumbaginaceae and Plumbago with Polygonaceae. In studies in which these two sequences were the sole representatives of their families, this reversal could not be observed, but in this study in which more genera from these two families were included, the problem was quickly detected.
DNA Extraction, Gene Amplification and Sequencing. Fresh tissue, silica gel-dried material (Chase and Hills 1991) or seeds were used for DNA extraction. Total DNA was isolated using a modified CTAB method (Doyle and Doyle 1990 ) and purified by CsCl-ethidium bromide densitydependent centrifugation. The rbcL exon was amplified using a thermo-stable DNA polymerase and a set of primers for conserved internal sites near or at the ends of the exon. For degraded DNA from taxa extracted from herbarium specimens, amplification was carried out in two overlapping pieces using pairs of primers, 1F/724R and 636F/1367R (Table 3) .
Sequence data were obtained using the dideoxy method (Sanger et al. 1977) , either with manual methods using Sequenase 2.0 (Biochemicals, Inc.), S35 and autoradiography, or an Applied Biosystems Inc. 373A automated DNA sequencer using dye-terminators and cycle sequencing according to the manufacturer's protocols. In all cases, amplified products were directly sequenced following cleaning on Promega Wizard columns (according to manufacturer's protocols). Primers used for amplification and for sequencing are listed in some of these are in general use, but several had to be developed specifically for this study.
The matrix is available from the last author on diskette or by email (m.chase@rbgkew.org.uk). All sequences have been submitted to EBI; accession numbers are listed in Table 2 .
Methods of Sequence Analysis. Data were analysed using the parsimony algorithm of the software package PAUP version 3.1.1 (Swofford 1993 ). An heuristic search was conducted under the Fitch criterion (unordered characters, equal weights; Fitch, 1971) , 1,000 replicates of random taxon entry, Tree Bisection Reconnection (TBR) swapping, with MUL-PARS on but holding only five trees per step. All shortest trees collected in these replicates were then used as starting trees for another search with no limit to the number of trees saved. These Fitch trees were the basis for successive weighting (Farris 1969) . Internal branch support was examined by bootstrapping (1,000 replicates, with the final weights from successive weighting applied) and with the jackknife (1,000 replicates, with equal weights because this version of the jackknife program does not permit the use of weights; Farris et al. 1996) .
Successive weighting (Farris 1969 ) was implemented to reduce the effects of those positions that experience frequent substitutions (in this case those with lower rescaled consistency indices). The effect of such weighting is never drastic (as in this case), and generally the result is simply reduction of tree number because those created by characters that change frequently are eliminated as less parsimonious. On the trees illustrated, we have indicated which groups are not present in the strict consensus of the Fitch analysis trees, as well as those not present in the strict consensus of the weighted trees. It is logical to decrease the effects of highly homoplasious sites and to emphasize those that are more consistent, and this is the reason we favour the use of successive weighting. Reduction in tree number is not the goal, and if successive weighting had produced more trees, we would have felt that this too was a more accurate assessment of the phylogenetic signal present in these data. It should be remembered that random data can produce a single tree, so, if successive weighting increases the number of trees, then this is an indication that resolution was due to highly homoplasious sites and is therefore suspect. Successive weighting is thus a harsher assessment of the phylogenetic signal present in a matrix, not a more lenient one. Once having downweighted highly homoplasious sites, we then used these weights in the bootstrapping procedure, retaining the weights but sampling characters with even frequencies. Whole category weights (codon or transversion weights) have been widely used in molecular phylogenetic studies, but each category of change demonstrates wide variation in consistency, so therefore we favour a weighting procedure that permits each position to be independently assessed and re-weighted, in this case based on its performance in the initial Fitch analysis. The trees found with successive weighting are the best estimate of the phylogenetic patterns present in this matrix; these are the ones identified by the most consistent characters present and does not include patterns created by excessively homoplasious sites.
RESULTS
When equally weighted characters were used, 504 trees were found with 1,350 steps, a consistency index (CI) of 0.51 and a retention index (RI) of 0.67. Relationships for many families were not resolved, although the position of the main clades of Plumbaginaceae and Polygonaceae was always the same. Within the two families, relationships among some genera were variable.
After successively weighting characters, three most parsimonious trees were found with a Fitch length of 1,351 steps, CI = 0.51 and RI = 0.67 (weighted CI = 0.80 and RI = 0.86). All trees (Fig. 1) showed that Plumbaginoideae and Staticoideae form a monophyletic pair that is sister to Polygonaceae, which is strongly supported by both the bootstrap and jackknife. This group is sister to Tamaricaceae/Frankeniaceae, although this relationship is not supported by either the bootstrap or jackknife.
Within Staticoideae, four main clades occur. Limonium is monophyletic and is divided in two subclades, one corresponding to plants of the subgenus Pteroclados (L. spectabile, L. mouretii and L. sinuatum) and the other to plants from both subgenera: Limonium (L. furfuraceum, L. delicatulum, L. rigualii, L. vulgare) and Myriolepis (L. caesium). Two clades are successively sister to Limonium: the clade formed by Limoniastrum, Dictyolimon and Acantholimon; and that formed by Armeria and Psylliostachys. Staticoideae is then a monophyletic group sister to Plumbaginoideae (Plumbago and Ceratostigma). All these groups are strongly supported by both jackknife and bootstrap.
DISCUSSION
Although several authors have considered Caryophyllidae comprise three closely related orders (Cronquist 1981; Takhtajan 1969 ; and Ehrendorfer in Strasburger et al. 1991) , the higher level relationships of this group have not been clear. After a phylogenetic analysis of rbcL sequences from 499 plants (Chase et al. 1993) , several groups appeared to be related to the caryophyllids, including Droseraceae and Nepenthaceae.
A cladistic analysis of both rbcL sequence and morphological data (Williams et al. 1994) showed that Droseraceae are closely related to Nepenthaceae, and these are placed in the same clade as Plumbaginaceae and Polygonaceae, which together were sister to Caryophyllales. Although these families have not been closely placed in previous angiosperm classifications, several characteristics support these relationships. Production of plumbagin (Harborne 1967 ) occurs in Plumbaginoideae, Droseraceae, Nepenthaceae and Triphyophyllum (Dioncophyllaceae). Polygonaceae have other related quinones, and thus the absence of plumbagin in this family could be secondary (Williams et al. 1994 ).
Many taxa related to Plumbaginaceae have altered life history strategies and characters that allow them to grow in nitrogen-poor soils, saline conditions or dry areas. The multicellular mucilage-producing hairs in Droseraceae, related to heterotrophic behaviour (enzyme secretions to digest small insects), are also present in some Dioncophyllaceae and Ancistrocladaceae (Cronquist 1981) . A similar hair structure, likely to have a similar ontogeny but with a different function, is present in Plumbaginoideae (a calyx with glandular hairs perhaps related to fruit dispersal) and differentiate them from Staticoideae and Polygonaceae. Similarly, Rhabdodendraceae have multicellular trichomes with lysigenous secretory cavities on the leaf surface (Cronquist 1981) . Plumbaginaceae are a highly stress-tolerant family, with genera and species adapted to a wide range of saline environments. Adaptations to dry and saline areas are indicated by the accumulation of osmoprotectants (betaines) and the presence of glandular mechanisms for salt secretion (Hanson et al. 1994) . These salt glands are also present in Frankeniaceae, Tamaricaceae and some families of Caryophyllales (e.g. Chenopodiaceae). In Caryophyllales the adaptation to stressful conditions (high temperatures and aridity) is provided by succulent habit associated with crassulacean acid metabolism and C4 photosynthesis, although none of these adaptations is restricted to Caryophyllales.
As evidenced in many systems of angiosperm classification, Plumbaginales, Polygonales and Caryophyllales are closely related, but other families are also located in this clade. Rhabdodendron has been sometimes included in Phytolaccaceae (Caryophyllales) or Rutaceae (Sapindales), but the lack of the typical caryophyllid sieve-tube plastids and its floral features (e.g. a single carpel with a basal style, the absence of a nectary disk, or the unitegmic ovules, among others) permitted the segregation by Prance (1968) of this genus into a single family, Rhabdodendraceae, which he placed in or near Caryophyllales. Cronquist (1981) accepted Rhabdodendraceae, but included it within the order Rosales. With regard to Simmondsiaceae, a family thought to be connected to Euphorbiales by many authors (Table 4) , a placement within the larger caryophyllid clade is strongly supported. Table 4 shows the arrangement of these families in several angiosperm classifications.
Monophyly of Polygonaceae and Plumbaginaceae is strongly supported by the rbcL analysis. Thus, both families could be grouped in a single ) ; seeds lacking perisperm with a straight or curved embryo (peripheral or embedded) which is associated with the endosperm (the embryo is commonly curved and encircles the well developed perisperm in Caryophyllales); and hypogynous to perigynous flowers and a single or double 3-to 5-merous perianth. Generally, these plants are rich in polyphenolic compounds, including condensed tannins and quinones, but lack betalains. Another option (favoured by us) is the inclusion of all these families in a expanded Caryophillales. The current familial arrangement of Plumbaginaceae should be reconsidered. Both subfamilies have been treated in different taxonomic categories on the basis of morphological, chemical, cytogenetical and palynological characteristics (Table 1) . These features are more significant than some of those used to define families within related orders. Moreover, both groups show biogeographically disjunct distributions: Plumbaginoideae are mostly pantropical, and Staticoideae are mainly Mediterranean and Irano-Turanian, spreading into other regions with a Mediterranean climate.
In this sense, some pairs of widely accepted families in Caryophyllales (e.g. Portulacaceae-Basellaceae, Aizoaceae-Cactaceae and ChenopodiaceaeAmaranthaceae) show vegetative, floral and fruit differences that are less extensive than those separating Plumbaginoideae and Staticoideae. For example, Portulacaceae and Basellaceae differ mainly by fruit (capsular in the former but indehiscent in the latter) and anatomical characters (vascular bundles seldom becoming bicolateral in the former, but commonly so in the latter); Aizoaceae and Cactaceae mainly differ in floral characters (ovary superior to inferior and plurilocular in the former but always inferior and unilocular in the latter); Chenopodiaceae and Amaranthaceae mainly differ in perianth features (often fleshy in the former, but scarious in the latter) and the stamen filaments (distinct or sometimes connate only at the base in the former, but often connate below in the latter). The phylogenetic relationships within families in Caryophyllales, although having been the focus of several papers (Downie & Palmer, 1994; Giannasi et al., 1992 ) still need to be clarified. Although the monophylly of this order seems to be accepted by many authors, some genera still remain misplaced (e.g. Portulaca, Claytonia).
Aegialitis, a peculiar genus with only two similar species from India and north-western Australia, has been included in subfamily Staticoideae, although showing intermediate characteristics between Plumbaginoideae and Staticoideae (pollen type is as in the former, and both fruit and flower features are as in the latter). Baker (1948) suggested that the heterogeneous mixture of characters of Aegialitis could be explained by accepting it as the living representative of an ancient group which [Volume 23 was isolated early from the rest of its relatives. Linczevsky (1971) found the morphological arguments strong enough to segregate this genus in a monotypic family, Aegialitaceae. Relationships of Aegialitis with other members of Plumbaginales need to be clarified. Further research, both morphological and molecular, including more of the austral genera of Plumbaginaceae to which Aegialitis could be related (Baker 1948) should elucidate the most appropriate taxonomic arrangement of Plumbaginaceae.
